Hepatozoon garnhami n. comb. was redescribed from Schokari sand snakes (Psammophis schokari) collected from Riyadh city in Saudi Arabia. Gametocytes were found in the peripheral blood of 2 of 15 snakes examined. Based on the similar morphological and morphometric characteristics, the same host and a similar host habitat environment, it can be concluded for the first time that the present species is conspecific with Haemogregarina garnhami previously reported from Psammophis shokari aegyptius. To further characterize this parasite, the partial 18S rRNA gene was amplified and sequenced. The sequence analysis also showed that Haemogregarina garnhami should be reassigned into the genus Hepatozoon as Hepatozoon garnhami which has 99.5% (859/863 bp) sequence similarity to Hepatozoon ayorgbor, infecting the erythrocytes of Python regius in Ghana. Phylogenetic analysis showed that H. garnhami formed a mixed clade with Hepatozoon spp. from geckos, snakes and rodents and ophidian Hepatozoon spp. did not form a separated phylogenetic unit. Also, Psammophis schokari-infecting Hepatozoon contained several different genetic lineages. To our knowledge, the present work extends the geographic distribution of H. garnhami and is the first report of Hepatozoon infection in snakes from Saudi Arabia.
Introduction
Haemogregarines are common haemoprotozoan apicomplexan parasites distributed all over the world and found in all vertebrates, including reptiles (Jakes et al. 2003 , Al-Farraj 2008 , Abdel-Baki and Al-Quraishy 2012 , Abdel-Haleem et al. 2013 . The blood-dwelling haemogregarines comprise four principal genera: Haemogregarina, Hepatozoon, Karyolysus and Cyrilia (Levine, 1988) . Assignment of any species of haemogregarines to one of these genera always poses certain practical problems due to the variability of morphological parameters (Abdel-Baki and Al-Quraishy 2012, Morsy et al. 2013) . Traditionally, haemogregarine species were differentiated on the basis of host occurrence, morphology of the gamonts and the morphology and site of schizogonous development (Jakes et al. 2003) . The majority of descriptions given in previous literature have actually been based mainly on gametocyte morphology without considering the life cycle, and as a result most of the species were superficially referred to as members of the genus Haemogregarina (Saoud et al. 1996 , Sloboda et al. 2007 . Recently, however, many studies have indicated that integration of morphological and phylogenetic approaches to the identification of the haemoprotozoan parasites and epidemiological investigation this parasitosis is more effective than the traditional examination of blood smears (Merino et al. 2009 , Vilcins et al. 2009 . Also, molecular data is of particular value for the systematic of haemoprotozoan (Barta et al. 2012) , considering both the very similar morphological characteristics of most species and the low host specificity. *Corresponding author: azema1@yahoo.com; zhangjy@ihb.ac.cn Molecular and morphometric characteristics of Hepatozoon garnhami n. comb.
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Hepatozoon spp. are the most common intracellular protozoa found in reptiles, most commonly found in snakes. They invariably have a complex heteroxenous life cycle, with sporogony taking place within an invertebrate final host. They form large oocysts, each capable of containing hundreds of sporozoite-filled sporocysts (Smith 1996 , Vilcins et al. 2009 ). Although, comparison of both gametocyte morphology and sporogonic characters is essential for the definition of a Hepatozoon species, the life cycles of few species have so far been elucidated (Jakes et al. 2003 , Sloboda et al. 2007 . In these situations, molecular data, particularly targeting the 18s ribosomal RNA gene, have been extensively applied to characterize these haemogregarines more fully in the absence of complete life cycles. In the present study, we redescribed Haemogregarnia garnhami as Hepatozoon garnhami n. comb. using morphological and molecular methods and assess for the first time the existence of Hepatozoon species in snakes from Saudi Arabia.
Materials and Methods

Morphometric characterization
During October 2011, fifteen specimens of both sexes of the Schokari sand snake, Psammophis schokari (Forskal, 1775) were captured alive from Al-Thumamah (24°41´N, 46°42´E), in Riyadh, in the central region of Saudi Arabia. Blood was collected from the snakes by ventral tail veni puncture, and blood smears were prepared immediately upon collection. Smears were air-dried, fixed with absolute methanol and then stained with Giemsa. The shape of the gamonts, the presence of pigment in the cytoplasm, and the format and position of its nucleus were observed and photographed using an Olympus BX51 microscope with an Olympus DP71 camera (Olympus, Japan).
Molecular characterization
DNA was extracted from the blood drop samples using the DNeasy Blood & Tissue kit (Qiagen, Valencia, California) , following the manufacturer's instructions. The partial 18S rRNA gene of the Hepatozoon species was amplified with the primer pair (HEMO1/HEMO2) following the protocols of Perkins and Keller (2001) . PCR products were excised and gel-purified using a QIA quick gel extraction kit (QIAGEN). Purified PCR products were sequenced in both directions using the ABI PRISM® 3730 DNA sequencer (Applied Biosystems, Foster city, CA, USA). The sequencing primers were the same as the PCR primers. The obtained forward and reverse sequence segments were assembled using the SeqMan utility of the Lasergene software package (DNASTAR, Madi- son, Wisconsin) and sequence ambiguities were clarified visually using corresponding ABI chromatograms. The resulting sequence was compared with related rDNA sequences available in GenBank using the BLAST program to confirm if it was a SSU rRNA gene of a haemogregarine and was then submitted to GenBank with accession number JQ746622. Sequences with a high similarity to that of the present species based on BLAST search results, together with some other species of interest, were downloaded from Genbank. All retrieved sequences were aligned with Clustal X (Thompson et al. 1997 ) using default settings. Phylogenetic analysis of aligned sequences, excluding the gaps, were conducted using the neighbour-joining (NJ) method, the maximum parsimony (MP) method and the maximum likelihood (ML) method, which were implemented in the MEGA5 computer package (Tamura et al. 2011) , and PhyML (Guindon et al. 2010) , respectively. Parsimony analysis used the heuristic search algorithm and tree bisection-reconnection (TBR) branch swapping. Bootstrap values were calculated with 1000 replicates using the heuristic search algorithm and TBR branch swapping. Neighbour-joining analysis of genetic distances was calculated with the Kimura 2 model parameter (Kimura 1980) . Haemogregarina balli and Dactylosoma ranarum were used as outgroup taxa based on previous analysis (Barta et al. 2012) . Trees were initially examined and edited in TreeView (Page 1996) and then annotated in Adobe Illustrator CS3.
Results
Blood smears of fifteen Psammophis schokari were examined for hemogregarine infection and two were found to be positive, giving an overall prevalence of 13%. The average parasitaemia in infected snakes was (3-7% per 1000 counted erythrocytes).
Gametocytes
Giemsa-stained gametocytes appeared as sausage-shaped and generally lie singly within the erythrocytes, but sometimes free in extracellular space (Fig. 1) . No infection was found in the leukocytes. The gametocytes appeared as slender, elongate and curved toward the host cell nucleus, sometimes with one broad pole and, opposite, a small recurved tail (Figs 1-4) .
They measured 16 ± 1.4 (14-20) µm × 2 ± 0.3 (2-3) µm (n = 50). Free gametocytes were obviously longer and narrower than those that were intracellular (Fig. 1) . Their cytoplasm was whitish blue stained without vacuoles or granules. The nucleus was shifted to one end and sometimes nearly centrally located (Figs 2, 3) . It was compacted, darkly stained and measured 4-8 µm long and 2 µm wide. Uninfected erythrocytes measured 16.8 ± 0.4 (15-17) µm × 11.6 ± 0.5 (11-13) µm (n = 50) while infected erythrocytes measured 20.6 ± 0.9 (17-23) µm × 11.2 ± 0.7 (11-13) µm (n = 50) and showed hypertrophy and longitudinally stretched nuclei (Figs 1-4) .
Phylogenetic analysis
A partial 18S rRNA gene with a length of 863 bp was obtained. Sequence analysis showed that its closest similarity (99.5%, 859 bp out of 863 bp) was with that of H. ayorgbor, followed by several reptile-and rodent-infecting Hepatozoon species. Phylogenetic trees obtained by all applied methods had a similar topology although with different support values at some branch nodes (data not showed). Phylogenetic analysis showed that H. garnhami formed a single branch, rather than forming a sister relation with other P. Schokair-infecting Hepatozoon species and then clustered in a clade shared with Hepatozoon spp. from geckos, snakes and rodents, with high bootstrap support. Also, ophidian Hepatozoon species did not form a separated phylogenetic unit, but formed a mixed clade with amphibian-or reptile-infecting species, respectively (Fig. 5) .
Discussion
To date, two haemogregarines have been described from Psammophis schokari in Egypt. These species are Haemogregarnia matruhensis Ramadan (1974) and Haemogregarnia garnhami Saoud et al. (1996) . The description and classification of these species were based on the blood and tissue stages in the intermediate vertebrate host regardless of the rest of the life cycle stages in the final invertebrate host, even though the features of these stages were considered to be necessary. Subsequently, Shazly et al. (1994) proved that Haemogregarnia matruhensis followed the typical life cycle of Hepatozoon species, therefore, they transferred this species to the genus Hepatozoon. The morphology and measurements of the ga- Hepatozoon matruhensis (Ramadan, 1973 ) Shazly et al., 1994 Psammophis schokari Egypt 18-28 × 2.5-6 Haemogregarina garnhami Saoud et al., 1996 Psammophis schokari Egypt 15-20 × 1.5-2.5 Hepatozoon boiga (Mackerras, 1961) Jakes et al., 2003 Boiga irregularis Australia 16-17 × 4-5 Hepatozoon ayorgbor Sloboda et al., 2007 Python regius Ghana 11-13 × 2-3.5
Hepatozoon garnhami n. comb. (present study) Psammophis schokari Saudi Arabia 16 ± 1.4 (14-20) × 2 ± 0.3 (2-3) monts of Haemogregarnia garnhami are similar to those of the present species and are from the same host, albeit from a different country. Considering the similar gamont morphology and identical host, we consider the present haemogregarine species to be conspecific with Haemogregarnia garnhami Saoud et al. (1996) . For low host specificity and incomplete data of life cycle, molecular data are more and more applied to the taxonomic and phylogenetic analysis of hemoparasites of few concerned, including snake-infecting Hepatozoon. In the present work, we also demonstrated that the species belongs to the genus Hepatozoon based on the molecular data.
To compare the species, Hepatozoon matruhensis have larger gamonts than H. garnhami (18-28 × 2.5-6 vs 14-20 × 2-3). Hepatozoon boiga from the Brown Tree snake, Boiga irregularis, in Australia, can be distinguished from our species by their shorter and wider gamont stages (16-17 × 4-5 vs 14-20 × 2-3) which contained distinctive polar grey capsules. The gamont stages of Hepatozoon ayorgbor Sloboda et al. (2007) described from Python regius in Ghana is shorter than those of Hepatozoon garnhami (11-13 vs 14-20). Indeed, H. garnhami is remarkably different from other reported reptile-infecting Hepatozoon species.
The presence of free extracellular gametocytes in the life cycles of snakes-infecting Hepatozoon species have been described by several authors and has been regarded as a possible distinctive feature of this group of hemagregarines (Telford et al. 2001 , 2002 , 2004 , Sloboda et al. 2007 . No free extracellular gametocytes, however, were found in the original description of H. garnhami (Saoud et al. 1996) . One possible explanation for this absence is that the parasites found in Saoud et al.' s study were in the early stages in their life cycle before the parasites could damage the infected host erythrocytes sufficiently to become free. This can also partially explain the tiny morphological and morphometric differences between the original report and the present work.
In respect to most Hepatozoon species, the high variation in gamont morphology, low host specificity, unknown invertebrate final host and few details of sporogony have combined to severely challenge both the current taxonomy of this genus and species identification (Telford et al. 2004 , Herbert et al. 2010 . For these reasons, the diversity of reported species in the genus Hepatozoon was possibly overestimated previously. Alternatively, however, the natural species diversity of Hepatozoon could in fact be underestimated in that many species may not yet have been found considering their low concern. For a better estimation of the diversity of these haematozoan groups and correct species identification, molecular techniques have now been widely applied (Wicks et al. 2006 , Rubini et al. 2006 , Boulianne et al. 2007 , Ortuño et al. 2008 , Vilcins et al. 2009 Tomé et al. 2012 Tomé et al. , 2013 . In the present work, we successfully amplified the partial fragment of the 18S rRNA gene and constructed a phylogenetic tree based on this molecular marker. The results showed that Hepatozoon spp. could be grouped into several sister clades in a way which is similar to the results of previous studies Tomé et al. 2012 Tomé et al. , 2013 . H. garnhami did not form sister relation with other snake-infecting Hepatozoon species, including species found from P. Schokari in, Northern Africa, but an independent branch and clustered in a clade which was constituted by several Hepatozoon species from geckos, snakes and rodents. Several possibilities were presented to explain the 18S rDNA sequence-based phylogenetic relationships of Hepatozoon species in the previous literature (Sloboda et al. 2007; Tomé et al. 2013) . Our results supported the preypredator transmission hypothesis regarding the relationships of snake-infecting Hepatozoon, other no Hepatozoon spp. has so far reported from final invertebrate host in Saudi Arabia. Also, our phylogenetic analysis showed that H. garnhami did not form a sister relationship with other Hepatozoon species from P. schokari in different habitat (Northern Africa). So, it was consistent with the previous reports that the relationships of interspecies of Hepatozoon tended to be linked more with host geographic distribution, rather than host species (Sloboda et al. 2007 , Barta et al. 2012 . Taking into account the key role of diet and ecological niche of vertebrates determine the diet resources, it is important in future study to provide data on the diversity of Hepatozoon species from invertebrate host in Saudi Arabia. Additionally, molecular data has again proved to a feasible method for the classification of apicomplexans and the obtained sequence here can be used to develop quick screening method to find the invertebrate host of H. garnhami. Certainly, molecular markers other than 18S rDNA, for instance mitochondrial cytochrome c oxidase subunit I (COI), should be explored to evaluate the validity of the current 18S rDNA-based phylogenetic relationship of Hepatozoon spp.
In conclusion, the present work has revised a Hepatozoon species from the erythrocytes of Schokari sand snakes in Saudi Arabia based on morphology, host habitat and phylogenetic analysis.
